Introduction {#sec1}
============

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors worldwide, especially in East Asia, including China, Korea, and Japan.[@bib1] Due to the highly aggressive nature of HCCs, which are extremely resistant to traditional treatments such as chemotherapy and radiation, the 5-year survival rate of HCC is extremely poor.

Currently, a remarkable number of proposed poor prognostic signatures for HCC are related to "stemness," and cells with the expression of hepatic stem/progenitor-cell-related markers in HCCs---cancer stem cells, with the capacity to self-renew and undergo aberrant differentiation[@bib2]---have been tightly associated with the aggressive clinical behaviors.[@bib3]

The inflammatory responses play critical roles at all stages of tumor development, including initiation, promotion, malignant conversion, invasion, and metastasis.[@bib4] However, the relationship between chronic hepatic inflammation and cancer stem cell generation remains obscure. The driving molecular events in inflammation-triggered tumor self-renewal remain to be elucidated.

SALL4 (sal-like 4) is a transcription factor that plays essential roles in maintaining the self-renewal and pluripotency of embryonic stem cells (ESCs).[@bib5], [@bib6] Recent studies in HCC show that high expression of SALL4 is associated with aggressive behavior and poor prognosis of HCC in clinical investigations.[@bib7], [@bib8], [@bib9] As a stem cell biomarker in liver cancers, SALL4 regulates cell proliferation, apoptosis, migration/invasion, drug resistance, and stemness by targeting a variety of genes. Although the function of SALL4 in regulating the stemness of HCC has been very clear, there is no clear evidence that SALL4 is a key signal network node to connect the inflammation with stemness properties. Interestingly, multiple studies show that SALL4-positive HCC patients were also associated with a significantly high frequency of hepatitis B virus (HBV) infection,[@bib8], [@bib9], [@bib10] suggesting that SALL4 is closely related to chronic inflammation.

MicroRNAs (miRNAs) are a class of endogenous and small noncoding regulatory RNAs, which mainly recognize complementary sequences in the 3′ UTRs of their target genes and lead to mRNA degradation or translation inhibition.[@bib11] Aberrant expression of certain miRNAs has been found to be closely correlated with a variety of biological processes, including maintaining cancer stem cells,[@bib12] suggesting that certain miRNAs might function as oncogenes or tumor suppressors.[@bib13], [@bib14], [@bib15]

miR-497 is dysregulated in various cancers via a variety of mechanisms, including transcriptional alterations, epigenetic alterations, and genomic alterations. It acts as a key modulator of proliferation, differentiation, apoptosis, angiogenesis, migration, and invasion. So far, miR-497 mainly works as a tumor suppressor gene. However, whether miR-497 is involved in regulating the stemness of cancer cells has not been reported. Using bioinformatics analysis and luciferase assay, we discover that miR-497 directly targets the 3′ UTR of SALL4.

Although extensive studies have been conducted, the exact molecular mechanisms that link the inflammation micro-environment and stemness properties in HCC still remain unclear. In this study, we aimed to investigate the regulatory mechanism of miR-497 in the progression of HCC and explore the role of the miR-497/SALL4 axis in the process of inflammation-triggered self-renewal and metastasis phenotypes. The study presented here would reveal a new pathway that participated in the signal transduction of connecting inflammation with stemness properties and metastatic potential and, in the meantime, would provide a novel explanation for the roles that inflammation micro-environment played in HCC self-renewal and progression. Targeting this signaling pathway might help the development of novel strategies for HCC treatment.

Results {#sec2}
=======

miR-497 Directly Targets SALL4 in HCC Cells {#sec2.1}
-------------------------------------------

SALL4 is overexpressed in cancer cells and affects multiple cellular processes that are involved in tumorigenesis, tumor growth, and tumor progression. To further expand SALL4-related signaling networks and explore the molecular mechanisms of SALL4 in regulating the progression of HCC, potential regulatory miRNAs of SALL4 were predicted using TargetScan and miRanda. miR-497 was chosen as a potential regulator of SALL4, which may bind to the SALL4 3′ UTR in positions 175--181, and the binding sequence is relatively conserved among different species ([Figure 1](#fig1){ref-type="fig"}A).Figure 1miR-497 Directly Targets SALL4(A) Putative binding sites of miR-497 in the SALL4 3′ UTR of different species. (B) SALL4 3′ UTR firefly luciferase activity in HEK293T cells. Upper panel: the sequences of wild-type and mutant 3′ UTR show the segments cloned into the CMV-promoter-driven luciferase reporter plasmid. Lower panel: pMIR-REPORT and β-gal gene expression vector, together with miR-497 mimic, anti-miR497, or control vector as indicated, were transfected into 293T cells. Reporter gene activity was determined and normalized in relation to the co-transfected β-gal activity. The bars represent the average ± mean from three independent experiments. (C) miR-497 and SALL4 mRNA expression in miR-497-overexpressing Hep3B cells and miR-497-knockdown HepG2 cells was analyzed by real-time RT-PCR assay. (D) Protein expression of SALL4 by western blotting analysis in transfected Hep3B and HepG2 cells. (E) Expression levels of miR-497 and SALL4 were negatively correlated in 50 HCC samples, as measured by real-time PCR. The relative expression of miR-497 and SALL4 values (normalized to 18S rRNA) was subjected to Pearson correlation analysis. (F) Detection of the expression of miR-497 and SALL4 in different HCC cell lines by real-time RT-PCR and western blot, respectively; scatterplot indicates the negative correlation between miR-497 and SALL4 expression. Pearson's coefficient test was performed to assess statistical significance. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001.

To determine whether SALL4 is directly regulated by miR-497, the sequence of the SALL4 3′ UTR was cloned into the pMIR-REPORT vector, and the potential binding site was mutated to construct the reporter gene vector as control ([Figure 1](#fig1){ref-type="fig"}B). A luciferase reporter assay revealed that the co-transfection of a miR-497 mimic significantly inhibited the activity of firefly luciferase reporter with the wild-type 3′ UTR of SALL4, whereas this effect was abrogated when the predicted 3′ UTR binding site was mutated ([Figure 1](#fig1){ref-type="fig"}B). At the mean time, when endogenous miR-497 was stably knocked down by the lentiviral miR-497 inhibitor (anti-miR497), the activity of the luciferase reporter gene was significantly enhanced; however, the reporter gene of the mutant vector did not change. These results further demonstrated that miR-497 specifically and directly binds to the 3′ UTR of SALL4.

To demonstrate the silencing effects of miR-497 on SALL4, we performed transient transfection studies by using a chemically synthesized miR-497 mimic. Compared with the control group, transfection of Hep3B cells with the miR-497 mimic caused a remarkable upregulation of the miR-497 level and resulted in the inhibition of SALL4 in both mRNA ([Figure 1](#fig1){ref-type="fig"}C) and protein ([Figure 1](#fig1){ref-type="fig"}D) levels. To investigate the consequences of miR-497 inhibition, we transduced HepG2 cells with either a control or a miRZip antisense miR-497-encoded lentivirus. miR-497 inhibition by anti-miR-497 in HepG2 cells dramatically increased the expression of SALL4 ([Figures 1](#fig1){ref-type="fig"}C and 1D). Moreover, we found that SALL4 levels were reversely correlated to miR-497 levels in 50 human HCC tissues ([Figure 1](#fig1){ref-type="fig"}E). Additionally, the inverse correlation between miR-497 and SALL4 expression was further confirmed in HCC cell lines ([Figure 1](#fig1){ref-type="fig"}F). Together, these data indicate that miR-497 may negatively regulate SALL4 expression by directly targeting its 3′ UTR.

miR-497 Regulates HCC Metastasis and Self-Renewal {#sec2.2}
-------------------------------------------------

It has been shown that SALL4 is a marker for the progenitor subclass of HCC cells with aggressive phenotypes.[@bib8], [@bib16] We wondered whether miR-497 may alter the malignant phenotypes of HCC cells, including migration/invasion ability, proliferation, and self-renewal. To determine the impact of miR-497 on HCC cell proliferation, Hep3B cells were transfected with miR-497 mimic, and an EdU incorporation and cell proliferation assay and a colony formation assay were performed; the results show that miR-497 has no effects on proliferation of Hep3B cells ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1B). Next, cell proliferation was monitored by the Cell Counting Kit-8 (CCK-8) in other HCC cell lines. Interestingly, miR-497 inhibits proliferation of SK-Hep-1 and MHCC97H cells ([Figure S1](#mmc1){ref-type="supplementary-material"}D), while it seems to have no effects on the proliferation of HepG2 cells ([Figure S1](#mmc1){ref-type="supplementary-material"}C). Thus, miR-497 regulates HCC cell proliferation in a cell-line-dependent manner.

To elucidate the role of miR-497 in HCC metastasis, the effects of miR-497 on the migration and invasion of HCC cells were analyzed initially *in vitro*. Transwell assays showed that both the migratory and invasive activities of HCC cells were suppressed by miR-497 expression but were promoted when cellular miR-497 was neutralized by anti-miR-497 ([Figure 2](#fig2){ref-type="fig"}A). The wound healing assay was used to further confirm this response, and the data also proved that miR-497 negatively regulated HCC cells' migration in both miR-497-overexpressed Hep3B cells and miR-497-knockdown HepG2 cells ([Figure 2](#fig2){ref-type="fig"}B). As epithelial-mesenchymal transition (EMT) has a central role in cancer metastasis, we further examined the expression levels of EMT-related factors by qPCR and western blot. The data show that the knockdown of miR-497 down-regulated the expression of E-cadherin/*CDH1* and upregulated the expression of vimentin in both mRNA and protein levels ([Figures 2](#fig2){ref-type="fig"}D and 2E). In contrary, the knockdown of miR-497 had an opposite effect on the expression of E-cadherin and vimentin protein in HepG2 cells ([Figure 2](#fig2){ref-type="fig"}E). In summary, these data suggest that miR-497 regulated the process of EMT, resulting in the suppression of the migratory ability of HCC *in vitro*.Figure 2miR-497 Regulates HCC Metastasis and Self-Renewal(A) Hep3B and HepG2 cells transduced with miR-497 mimic, anti-miR497 vector, or control vector as indicated were subjected to cell migration and invasion assays. Migrated/invaded cells in fields were quantified, and representative photographs are shown. Data are represented as mean ± SEM. \*p \< 0.05; \*\*p \< 0.01. (B) Wound healing assay was performed to determine the cell migratory capacity. (C) Tumor sphere-forming capacity in HCC cell lines as indicated was analyzed by tumor sphere formation assay; the right panel indicates statistical results as means ± SEM. (D) qRT-PCR analysis of the mRNA expression of SALL4, CDH1, vimentin, Nanog, Oct4, and Bmi-1 in HepG2/Ctrl and HepG2/Anti-miR-497 cells. (E) Western blot analysis of SALL4, E-cadherin, vimentin, Oct4, Bmi-1, and Nanog expression in Hep3B/Ctrl and Hep3B/miR-497 cells, as well as in HepG2/Ctrl and HepG2/anti-miR-497 cells. (F) SALL4 knockdown abolished sphere formation ability reduced by miR-497. Representative sphere formation is indicated in the left panel. Relative tumor sphere numbers were calculated as means ± SEM (right panel). (G and H) SALL4 knockdown abolished migration and invasion capacity down-regulated by miR-497 as analyzed by Transwell assay (G) and wound healing assay (H). (I) The expression of E-cadherin, vimentin, Oct4, Bmi-1, and Nanog was detected in SALL4 KD/Ctrl and SALL4 KD/miR497 HCC cells. \*p \< 0.05; \*\*p \< 0.01. Scale bars, 100 μm.

SALL4 is suggested as a stem cell marker in liver cancer that regulates the self-renewal of liver cancer cells;[@bib7] therefore, we further investigated the effect of miR-497 on self-renewal of HCC cells via tumor spheroid formation assay. Phenotypically, miR-497 inhibition in HepG2 cells resulted in the significant activation of spheroid formation capacities ([Figure 2](#fig2){ref-type="fig"}C) with upregulation of NANOG, OCT4, and Bmi-1 expression in both mRNA and protein levels ([Figures 2](#fig2){ref-type="fig"}D and 2E). Conversely, when Hep3B was transiently transfected with miR-497 mimic, the spheroid formation capacities were apparently suppressed ([Figure 2](#fig2){ref-type="fig"}C) and the expression of stem cell markers NANOG, OCT4, and Bmi-1 were increased as expected ([Figure 2](#fig2){ref-type="fig"}E). To sum up, the aforementioned data suggest a pivotal role for miR-497 in regulating the self-renewal and metastasis of HCC cells.

To further confirm that miR-497 regulates HCC metastasis and self-renewal via targeting SALL4, we next investigated whether SALL4 knockdown can abolish the effect of miR-497 in HCC cells. Then, SALL4 was stably knocked down in Hep3B cells by using a lentiviral-short hairpin RNA (shRNA) construct ([Figure S2](#mmc1){ref-type="supplementary-material"}). In SALL4-knockdown cells, further miR-497 overexpression did not affect the self-renewal feature of this cell ([Figure 2](#fig2){ref-type="fig"}F). Transwell and wound healing assays also indicated that miR-497 was unable to affect the invasion and migration abilities of HCC in SALL4-knockdown cells ([Figures 2](#fig2){ref-type="fig"}G and 2H); meanwhile, the expression of EMT and stemness factors had no significant change ([Figure 2](#fig2){ref-type="fig"}I). These results suggest that miR-497 may repress HCC metastasis and self-renewal by targeting SALL4.

miR-497 Regulates HCC Metastasis *In Vivo* {#sec2.3}
------------------------------------------

To further validate the aforementioned findings *in vivo*, a tail vein injection model was conducted with metastatic HCC cell lines SMMC-7721 and SK-Hep-1. Before vein injection, both HCC cell lines were infected with anti-miR497 or control lentivirus (GFP^+^). Then, 5 × 10^6^ cells were injected through the caudal vein. 5 weeks after injection, the mice were killed by cervical decapitation. Lung and liver were dissected, and metastatic nodules were examined using the Bio-Rad Imaging System by detecting the GFP fluorescence of metastatic HCC cells. As shown in [Figure 3](#fig3){ref-type="fig"}A, miR-497 knockdown dramatically increased the metastatic nodules in both the lung and liver of the SK-Hep-1 metastatic tumor model. In the Anti-miR-497 group, intense GFP fluorescence was observed in all lung and liver. While in the control group, both fluorescence intensity and metastatic nodule number were significantly lower than those in the anti-miR-497 group. Histologic analysis further confirms that miR-497 knockdown ([Figure S4](#mmc1){ref-type="supplementary-material"}) remarkably facilitates the metastasis of HCC in xenograft transplantation mouse models of metastasis. The same results were also observed in the SMMC-7721 model ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B) and reconfirmed the anti-metastasis role of miR-497 *in vivo*.Figure 3miR-497 Suppressed HCC Metastasis *In Vivo*(A) Lung and hepatic metastasis of control and anti-miR497 SK-Hep-1 cells in NOD/SCID mice at 6 weeks after tail vein implantation. Lungs and livers from the NOD/SCID mice were dissected, and the presence of HCC metastasis was detected by green fluorescence signal. (B) Representative H&E-stained sections of the lung and liver tissues collected from control and anti-miR-497 groups. Scale bars, 100 μm. (C) Representative IHC staining pictures of the lung sections of control and anti-miR-497 groups. Scale bars, 50 μm.

Afterward, we further investigated whether miR-497 expression was associated with SALL4 and its downstream targets in lung metastasis lesions. As expected, the level of SALL4 expression was strongly increased in miR-497 knockdown metastatic lesions when compared with control lung metastatic lesions ([Figure 3](#fig3){ref-type="fig"}B). EMT and stem cell markers E-cadherin, vimentin, OCT-4, and Nanog were detected by immunohistochemistry (IHC) at the same time, and the results were kept as the same as *in vitro* ([Figures 3](#fig3){ref-type="fig"}C and [2](#fig2){ref-type="fig"}E). Therefore, these data from mouse models complement and reconfirm our findings from cell-line models, which strongly support the role of miR-497 as a tumor-suppressing gene through direct targeting of SALL4.

Down-Regulation of miR-497 in HCC Patients Is Associated with Worse Prognosis {#sec2.4}
-----------------------------------------------------------------------------

Previous studies have shown that miR-497 was down-regulated in HCC tissue samples.[@bib17], [@bib18] To further investigate the biological significance of miR-497 in HCC, we analyzed the correlation between miR-497 levels and the clinical characteristics of HCC patients in this study. Seventy-five samples of HCC tissues were subjected to qRT-PCR for miR-497 expression analysis. The median value of all 75 cases was chosen as the cutoff point for separating the miR-497 low-expression and miR-497 high-expression groups. As shown in [Table 1](#tbl1){ref-type="table"}, the low expression of miR-497 was prominently associated with positive HBV infection (p = 0.043), multiple tumor numbers (p = 0.011), advanced tumor node metastasis (TNM) stage (p = 0.011), and recurrence (p = 0.015). The Kaplan-Meier plots revealed an association of lower miR-497 levels with shorter overall survival (OS; p = 0.035; [Figure 4](#fig4){ref-type="fig"}A), recurrence-free survival (RFS; p = 0.0308; [Figure 4](#fig4){ref-type="fig"}A), and higher cumulative incidence of recurrence (p = 0.0463; [Figure 4](#fig4){ref-type="fig"}B). Multivariate Cox regression analysis further confirmed miR-497 as an independent risk factor for OS (hazard ratio \[HR\], 0.286; p = 0.009; [Table S3](#mmc1){ref-type="supplementary-material"}). Moreover, to analyze the difference expression of miR-497 in patients with different clinical features, the chi-square test was conducted, and the results revealed that lower miR-497 levels were significantly associated with the presence of metastasis ([Figure 4](#fig4){ref-type="fig"}C), TNM stage ([Figure 4](#fig4){ref-type="fig"}D), and tumor numbers ([Figure 4](#fig4){ref-type="fig"}E). Thus, our results indicate that low expression of miR-497 is correlated with malignant clinicopathologic characteristics in HCC.Table 1Correlation between miR-497-5p Expression and Clinical-Pathological Features in HCCVariableCategorymiR-497p ValueHighLowGendermale33350.970female43Age≥5517190.725\<552019Tumor size\>5 cm12140.688≤5 cm2524Vascular invasionyes18260.082no1912AFP (ng/mL)\>4009120.484≤4002826HBVpositive31370.043[∗](#tblfn1){ref-type="table-fn"}negative61Tumor numbersolitary34260.011[∗](#tblfn1){ref-type="table-fn"}multiple312Cirrhosisyes33360.376no42TNM stageI1770.011[∗](#tblfn1){ref-type="table-fn"}II--IV2031Recurrenceyes14250.015[∗](#tblfn1){ref-type="table-fn"}no2313[^1][^2]Figure 4Down-Regulation of miR-497 Is Associated with Worse Prognosis(A) The Kaplan-Meier plot represents OS and RFS of HCC patients based on their expression of miR-497. The levels of miR-497 were analyzed using real-time qRT-PCR, and the median value of all 75 cases was chosen as the cutoff point for separating the miR-497 low-expression and miR-497 high-expression groups. (B) Cumulative incidence of tumor recurrence curves for different miR-497 expression groups. (C) Metastatic HCC displayed lower miR-497 expression levels. The absence (n = 31) and presence (n = 44) of venous invasion are indicated with a minus sign (−) and plus sign (+), respectively. (D) Expression of miR-497 in HCC with TNM stages II--IV (n = 51) were significantly lower compared with the TNM I group (n = 24). (E) Expression of miR-497 in HCC with multiple tumors (n = 15) was significantly lower compared with the solitary tumor (n = 60) group. The central horizontal line represents the mean value; the error bars represent the SEM. \*p \< 0.05; \*\*p \< 0.01.

NF-κB Directly Trans-suppresses miR-497 under Chronic Inflammatory Conditions {#sec2.5}
-----------------------------------------------------------------------------

HCC was recognized as an inflammation-driven disease, and 90% of HCCs were developed on the chronic liver inflammation background.[@bib19] The clinical data show that the expression of miR-497 is also associated with HBV infection ([Table 1](#tbl1){ref-type="table"}). Thus, we wondered whether chronic inflammation may regulate the expression of miR-497. Therefore, the chronic inflammation was induced in HepG2 cells by HBV infection or pro-inflammatory cytokine (interleukin \[IL\]-6, IL-17, or tumor necrosis factor alpha \[TNF-α\]) treatment. As shown in [Figure 5](#fig5){ref-type="fig"}A, transfection with the pAAV/HBV1.2 plasmid in HepG2 cells significantly down-regulated the expression of miR-497. Pro-inflammatory cytokine treatment (TNF-α, IL-6, and IL-17) also significantly reduced the miR-497 expression level ([Figure 5](#fig5){ref-type="fig"}A). The nuclear factor κB (NF-κB) signaling pathway was considered one of the key pathways to modulate hepatic inflammation,[@bib20] and NF-κB could be activated by various stimuli and cellular stresses, including TNF-α. Therefore, we next explored whether chronic inflammation regulates the expression of miR-497 through the NF-κB signaling pathway. As shown in [Figure 5](#fig5){ref-type="fig"}B and [Figure S5](#mmc1){ref-type="supplementary-material"}, when HCC cells were treated with CAPE, a specific inhibitor of NF-κB, TNF-α and HBV lost the ability to regulate the expression of miR-497. As a transcription factor complex, inflammatory signaling induces the formation of NF-κB heterodimers (p65/p50) to locate into the nucleus and then to bind with binding sites of specific gene promoters, subsequently to trans-activate or trans-suppress the expression of target gene. These binding sites share highly conserved nucleotides with the consensus sequence (GGGRNNYYC). Therefore, the sequence in the promoter region of miR-497 was analyzed, and two potential p65 binding sequences (GGGRNNYYC) were identified (GGGATCCCC in −227 through −219 and GGGGTCTTC in −41 through −43) ([Figure 5](#fig5){ref-type="fig"}C). An electrophoretic mobility shift assay (EMSA) was carried out, and the data show that a strong gel-shift signal was detected when the first p65-binding site probe was added in the SMMC-7721 nuclear extracts. However, there was almost no gel-shift signal for the probe of the second p65-binding site ([Figure 5](#fig5){ref-type="fig"}E).Figure 5NF-κB Directly Trans-suppresses miR-497 under Chronic Inflammatory Conditions(A) Inflammation suppresses the expression of miR-497. HepG2 cells were transfected with pAAV-HBV2.1 or treated with 100 ng/mL IL-6, IL-17, or TNF-α as indicated for 24 h, and the levels of miR-497 were analyzed using real-time qRT-PCR. (B) TNF-α down-regulated miR-497 in an NF-κB-dependent manner. HepG2 cells were pre-treated with 25 μg/mL NF-κB inhibitor, CAPE, for 2 h and then treated with TNF-α for another 24 h, and miR-497 was detected by real-time qRT-PCR. (C) Two NF-κB binding sites were predicted in the promoter region of miR-497. Fragments containing all the wild-type binding sites (WT) or after deletion of the first binding site (WTΔ1) or the second binding site (WTΔ2) were cloned to pGL3 vector. (D) Luciferase activity was detected following transfection with different luciferase reporter vectors. (E) Gel-shift signals of two different NF-κB probes incubated with nuclear extracts of HepG2 cells. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001.

To further confirm that NF-κB binds to the promoter region of miR-497 and then transcriptionally inhibits the expression of miR-497, the promoter region of miR-497 was cloned into the luciferase reporter vector and deletion mutations that delete the two potential binding sites were also constructed, respectively. As expected, luciferase reporter gene assays showed that the relative luciferase activity of miR-497 promoter was significantly elevated when the first p65-binding site (−227 bp) was deleted, while no significant change was observed when the second binding site (−41 bp) was deleted ([Figure 5](#fig5){ref-type="fig"}D). Taken together, these data demonstrate that p65 binds to the −227 to −219 region of the miR-497 promoter and inhibits the transcription of miR-497.

Inflammation Micro-environment Induces HCC Stemness through the NF-κB/miR-497/SALL4 Axis {#sec2.6}
----------------------------------------------------------------------------------------

Previous studies have shown that the expression of SALL4 in HCC is closely associated with HBV infection.[@bib8], [@bib9], [@bib10] Our aforementioned data also showed that inflammatory signal trans-suppresses miR-497 and that miR-497 targets SALL4 and suppresses metastasis and self-renewal of HCC. Therefore, we hypothesized whether the inflammatory micro-environment regulates HCC self-renewal through the miR-497-SALL4 pathway. To confirm this hypothesis, the expression of SALL4 was detected upon inflammation induction in HCC cells; combined with the results in [Figure 5](#fig5){ref-type="fig"}A, it could clearly show that inflammation induced by HBV or TNF-α significantly down-regulated miR-497 expression ([Figure 5](#fig5){ref-type="fig"}A) and upregulated the expression of SALL4, at both the mRNA and protein levels ([Figures 6](#fig6){ref-type="fig"}A and 6C). Similarly, the NF-κB inhibitor CAPE abrogates the upregulation of SALL4 induced by TNF-α ([Figure 6](#fig6){ref-type="fig"}B). Furthermore, inhibition of the NF-κB pathway dramatically abrogated the TNF-α-induced expression of self-renewal regulatory factors such as NANOG, OCT4, and SOX2 ([Figure 6](#fig6){ref-type="fig"}C). Thus, TNF-α down-regulated miR-497 and upregulated the expression of SALL4 and other self-renewal regulatory factors via the NF-κB signaling pathway.Figure 6Inflammation Micro-environment Induces HCC Stemness through NF-κB/miR-497/SALL4 Axis(A) Inflammation upregulated the mRNA level of SALL4. HepG2 cells were transfected with pAAV-HBV2.1 or treated with TNF-α, and the levels of SALL4 mRNA were analyzed using real-time qRT-PCR. (B) TNF-α upregulated SALL4 mRNA in an NF-κB-dependent manner. HepG2 cells were treated with CAPE and/or TNF-α as indicated, and the levels of SALL4 mRNA were analyzed using real-time qRT-PCR. (C) NF-κB inhibitor attenuated the induction function of TNF-α on SALL4 and stemness factor. HepG2 cells were treated with CAPE and/or TNF-α as indicated, and the expression of p-p65, p65, SALL4, Oct4, Sox2, and Nanog were detected by western blot. (D) miR-497 attenuated the induction function of TNF-α on SALL4 and stemness factor. Anti-Ctrl and Anti-miR-497 HepG2 cells were treated with TNF-α or not treated, and the expression of p-p65, p65, SALL4, Oct4, Sox2, and Nanog was detected by western blot. (E) miR-497 attenuated TNF-α treatment-induced incidence of lung metastasis in mice. NOD/SCID mice were injected with TNF-α pre-treated Anti-Ctrl or Anti-miR-497 SK-Hep-1 cells (1 × 10^6^) via tail vein, followed by TNF-α treatment (0.5 mg/kg) for 3 weeks (twice per week). Representative images of lungs from one mouse per treatment group are shown. ^a^Number of metastatic lesions were counted by detecting the fluorescence of GFP using the Molecular Imager ChemiDoc XRS System. (F) miR-497 attenuated TNF-α treatment-induced tumor sphere formation. Anti-Ctrl and Anti-miR-497 HepG2 cells were treated with TNF-α or not treated, and then the tumor-sphere-forming capacity was analyzed by tumor sphere formation assay. Scale bar, 400 μm. (G) A proposed model for inflammatory micro-environment contributes to self-renewal and metastasis features of HCC via the NF-κB/miR-497/SALL4 axis. \*p \< 0.05; \*\*p \< 0.01.

The TNF-α-induced self-renewal phenotype was further investigated by tumor sphere formation assay to make evident the ability of TNF-α in promoting the self-renewal of HCC cells ([Figure 6](#fig6){ref-type="fig"}F). To further confirm that TNF-α regulated HCC self-renewal in a miR-497-dependent manner, the miR-497 stable-knockdown HCC cells were treated with TNF-α, and the tumor sphere formation assay was carried out. The results showed that TNF-α could significantly enhance the tumor sphere formation ability of control cell lines but not in the anti-miR-497 group, indicating that TNF-α improves HCC self-renewal specifically depending on miR-497. Western blot analysis further confirmed that TNF-α treatment failed to increase the expression of SALL4 and self-renewal regulatory factors (NANOG, SOX, and OCT4) in anti-497 HCC cells ([Figure 6](#fig6){ref-type="fig"}D).

To further verify that inflammation regulates the malignant phenotype of HCC via miR-497 *in vivo*, the HCC cell metastatic tumor model was established, combined with TNF-α injection. As shown in [Figure 6](#fig6){ref-type="fig"}E, TNF-α injection significantly increased the tumor formation rate of lung metastases (5/6 versus 2/6) and the number of metastatic lesions (p = 0.048), whereas in miR-497-knockdown mice, the lung metastasis rates of untreated and TNF-α-treated groups were 5/6 and 6/6, and there was no significant difference between the number of metastatic lesions, which was consistent with the aforementioned *in vitro* data. These data demonstrate that TNF-α promotes the malignant phenotype of liver cancer through miR-497. Additionally, a statistically significant inverse correlation between p65 and miR-497 and a positive correlation between p65 and SALL4 were observed in HCC tissues from the The Cancer Genome Atlas (TCGA) dataset ([Figure S6](#mmc1){ref-type="supplementary-material"}).

Overall, these results demonstrate that TNF-α-activated NF-κB binds directly to the promoter region of miR-497 and down-regulates miR-497, which, in turn, upregulates the expression of SALL4 and other self-renewal regulatory factors and finally contributes to the self-renewal and metastasis malignant features of HCC ([Figure 6](#fig6){ref-type="fig"}G).

Discussion {#sec3}
==========

Numerous studies show that miRNA is important in the regulation of gene expression networks, and miRNAs are continuously being shown to act as both oncogenes and tumor suppressors. Aberrant expression of miRNAs in HCC has been profiled in many studies.[@bib21], [@bib22], [@bib23] A few studies have shown that miR-497 may suppresses angiogenesis, metastasis, and proliferation in HCC.[@bib17], [@bib18] In addition, miR-497 was found to target specific oncogenes such as VEGFA, IGF-1R, CHEK1, and Raf-1.[@bib17], [@bib18], [@bib24], [@bib25], [@bib26] Those studies all show that miR-497 may act as a tumor suppressor, and it has been well known that miRNAs would exhibit cell-type or tissue-specific actions in a context-dependent manner, which may explain the differences between those studies. Similarly, here, we show that miR-497 serves as a tumor suppressor gene by targeting SALL4 and regulates the metastasis and stemness of HCC. The proinflammatory cytokine TNF-α activates the NF-κB signaling pathway, leading to nuclear import of p65 and binding to the p65-binding site on the miR-497 promoter, which, in turn, inhibits the transcription of miR-497, thereby upregulating the expression of SALL4 and eventually promoting EMT and the self-renewal phenotype of HCC ([Figure 6](#fig6){ref-type="fig"}G).

Multiple miRNAs targeting SALL4 have been found in recent years. In glioma, miR-107 suppressed cell growth and induced apoptosis through direct targeting of SALL4.[@bib27] Similarly, miR-219 serves a suppressive role in glioma growth and metastasis via targeting SALL4.[@bib28] In a metastatic breast cancer model, SALL4 was also found to be a target of miR-33b.[@bib29] In murine embryonic stem cells (ESCs), miR-294 and let-7c were reported to have opposing effects on SALL4 expression.[@bib30] Another research in colorectal cancer show that miR-508 directly targets SALL4 and modulates its expression.[@bib31] Recently, miR-98 was reported to regulate SALL4 in HCC.[@bib32] However, other than this, little knowledge is available about the regulatory and interaction networks regarding the miRNAs and SALL4 in HCC. Our study shows that miR-497 regulates self-renewal and metastasis of HCC via targeting SALL4. More importantly, our study reveals a new signaling pathway that connected chronic inflammation with HCC stemness/EMT and explains how the micro-environment of chronic inflammation promoted HCC progression. Further investigation to identify new miRNAs that target SALL4 will further enrich our understanding on the regulation mechanisms of the HCC self-renewal.

Cancer stem cells are recognized as being responsible for metastasis and treatment resistance. The complicated cellular and molecular networks that regulate stemness properties and roles that inflammation might play in cancer progression are slowly being elucidated so far. Currently, STAT3 and NF-κB pathways are two major signaling pathways to link inflammation and cancer. Pro-inflammatory cytokines, such as IL-6 and TNF-α, which activate the transcription factors STAT3 and NF-κB, respectively, have been reported to be important for the development and progression of HCC.[@bib33], [@bib34] Interestingly, Li et al. [@bib35] have shown that chronic-inflammation-elicited liver progenitor cells could convert to liver cancer stem cells via the TNF-SRC-STAT3 signal, indicating the importance of chronic inflammation in the conversion of non-cancer cells to cancer stem cells. Kryczek et al.[@bib36] have reported that T cell-derived IL-22 also promoted colorectal cancer stemness via STAT3-DOT1L axis. In the present study, we further confirmed that chronic inflammation participated in the stemness and metastatic potential maintenance in HCC cells via the miR-497-SALL4 signal for the first time.

In previous studies, there have been different reports on the regulation of miR-497 by the NF-κB signaling pathway. Wei et al.[@bib37] observed that miR-195 and miR-497, which shared similar expression profiling, were negatively regulated by NF-κB in mice myoblast cells, while Mechtler et al.[@bib38] reported that PIPK-1 and IL-1β, which activate NF-κB, can increase the miR-497 level. Our study further confirms that p65 can directly bind to a specific miR-497 promoter site and reduce its expression, which clarifies the negative regulation of miR-497 by NF-κB signaling.

In summary, our study identified the crucial roles of inflammatory micro-environment in stemness properties and metastatic potential maintenance; and more importantly, we elucidated a novel regulatory pathway of NF-κB/miR-497/SALL4 signaling that connected inflammation with self-renewal/metastasis phenotypes. These results could significantly expand our understanding of inflammation in tumor progression. Moreover, targeting the NF-κB/miR-497/SALL4 signaling axis might provide potential novel strategies for HCC patient treatment in the future.

Materials and Methods {#sec4}
=====================

Cell Lines and Human Tissue Specimens {#sec4.1}
-------------------------------------

The HCC cell lines HepG2, Hep3B, and SK-Hep-1 and the HEK293T cell line were purchased from ATCC; the SMMC-7721, MHCC97-H, MHCC97-L, HCC-LM3, LO2, and Huh7 cell lines were purchased from the Cell Bank of the Shanghai Institute of Cell Biology (Shanghai, China). All cell lines were cultured in DMEM (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS) (Life Technologies), 100 IU penicillin, and 100 mg/mL streptomycin (Bio Basic).

Human HCC tissues were collected from 75 patients who underwent HCC resection at the Mengchao Hepatobiliary Hospital of Fujian Medical University from 2014 to 2015. The study was approved by the Medical Ethics Committee of Mengchao Hepatobiliary Hospital of Fujian Medical University. Written consent was received from all participants in this study at the time of surgery.

Plasmids and Reagents {#sec4.2}
---------------------

miRNA mimics and inhibitors of hsa-miR-497 were purchased from RiboBio (RiboBio, Guangzhou, China). Stable knockdown transfectants of miR-497 were generated by lentiviral transduction using pMIRZip plasmid (System Biosciences, Palo Alto, CA, USA). Lentiviral vectors expressing scrambled shRNA or SALL4-specific shRNA were purchased from OriGene.

SALL4 3′ UTR luciferase reporter plasmid was constructed for miR-497 target analysis. The 3′ UTR segment of SALL4, including the wild-type sequence and mutant sequence, were synthesized by GENEWIZ (Suzhou, China) and inserted into the pMIR-REPORT vector. The sequences of the insertion fragment are listed in [Table S1](#mmc1){ref-type="supplementary-material"}.

The fragments of the promoter region of miR-497 containing the predicted p65-binding site were synthesized by GENEWIZ and inserted into the PGL3 vector (Promega). The sequences of the insertion fragment were listed in [Table S1](#mmc1){ref-type="supplementary-material"}.

Luciferase Reporter Assay {#sec4.3}
-------------------------

Luciferase reporter assay was performed as described previously.[@bib39] Briefly, 293T cells were transfected with luciferase reporter constructs, β-gal, and other different genes as required using Lipofectamine 3000 (Invitrogen) in a 24-well plate. The cells were harvested after transfection for 24 or 48 h, and the luciferase activity was measured using the Bright-Glo Luciferase Assay System (Promega, Fitchburg, WI, USA) according to the manufacturer's instructions. β-galactosidase (β-gal) activities were measured as the internal control. Data were obtained by normalization of β-gal activity to luciferase activity. The bars represent the mean ± SEM from three independent experiments.

Western Blot Analysis {#sec4.4}
---------------------

Cells were harvested and lysed in RIPA supplemented with protease inhibitors. Equal amounts of protein lysates were separated by SDS-PAGE and electrically transferred to nitrocellulose membrane. The membranes were probed with the following specific primary antibodies: SALL4 (Abnova, H00057167-M03), E-cadherin (Cell Signaling Technology, \#3195), vimentin (Cell Signaling Technology, \#5741), Oct4 (Abcam, ab18976), Bmi-1 (Abcam, ab126783), Nanog (Cell Signaling Technology, \#4903), NF-κB p65 (Cell Signaling Technology, \#8242), Phospho-NF-κB p65 (Cell Signaling Technology, \#3033), Sox2 (Cell Signaling Technology, \#14962), and β-actin (Cell Signaling Technology, \#12262). Then they were blotted with an HRP (horseradish peroxidase)-conjugated secondary antibody. Blots were visualized by enhanced chemiluminescence (ECL).

Lentiviral Transduction to Stably Down-Regulate miR-497 Expression in HCC Cells {#sec4.5}
-------------------------------------------------------------------------------

The lentivector-based anti-miRNA expression vector, pmiRZip, was purchased from System Biosciences (Mountain View, CA, USA). To generate the miR-497-ZIP anti-miR-497 lentiviral construct, the specific anti-miR-497 sequence was subcloned into pmiRZip (sense: 5′-GATCCCTCGTCGTCACTGTGGTTTGTCTTCCTGTCAGAACAAACCACAGTGTGCTGCTGTTTTTG-3′; anti-sense: 5′- AATTCAAAAACAGCAGCACACTGTGGTTTGTTCTGACAGGAAGACAAACCACAGTGTCGACGAGG-3′). The miR-497-ZIP or miRZip control vector was transduced into HCC cells according to the manufacturer's protocol.

Real-Time RT-PCR {#sec4.6}
----------------

Total RNA extraction from cell lines or frozen tissues was performed by using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and cDNA was synthesized using the Transcriptor First Strand cDNA Synthesis Kit (Roche, Mannheim, Germany) for mRNA analysis. The miRcute miRNA First-strand cDNA Synthesis Kit (Tiangen, Beijing, China) was used for miRNA analysis. Real-time PCR assay for mRNA analysis was performed by using the SYBR Green ER qPCR Super Mix Universal Kit (Invitrogen), and miRNA analysis was performed by using the miRcute miRNA qPCR Detection Kit (Tiangen, Beijing, China) in the StepOnePlus Real-Time PCR System (Applied Biosystems). Primers used for real-time PCR are listed in [Table S2](#mmc1){ref-type="supplementary-material"}. The primer for miR-497 was purchased from Tiangen (Beijing, China). U6 and GAPDH were used as controls for the detection of miRNA and mRNA, respectively.

Tumor Spheroid Formation Assay {#sec4.7}
------------------------------

Cells were plated in ultralow-attachment six-well plates (Corning, Corning, NY, USA) at a density of 1 × 10^4^ cells per milliliter in serum-free DMEM/F12 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 20 ng/mL epidermal growth factor (Sigma, USA), 10 ng/mL basic fibroblast growth factor (Sigma), 5 mg/mL insulin (Sigma), 1 × B27 supplement (Invitrogen), and 0.4% BSA (Sigma). Cells were cultured under 5% CO~2~ at 37°C for a week.

Transwell Invasion, Migration, and Wound Healing Assays {#sec4.8}
-------------------------------------------------------

Cell migration was assayed using the Transwell method, with 8-μm pore filters (Corning, Corning, NY, USA). The lower chamber was filled with DMEM, supplemented with 10% FBS, and 2 × 10^4^ cells in 0.5 mL DMEM were loaded into the upper chamber. After a 22-h incubation period, the cells that migrated to the bottom of the membrane were fixed with 4% formaldehyde. The cells on the top of the membrane were removed by wiping the surface with a cotton swab. The cells were stained with 0.5% crystal violet and observed under a microscope. The number of migrated cells was counted at a magnification of 200× from five adjacent microscope fields. For the Matrigel invasion assay, the procedures used were the same as those described earlier, except that the Transwell membrane was coated with Matrigel (BD Biosciences, San Jose, CA, USA) to form a matrix barrier.

Wound healing assay was carried out using culture inserts (IBIDI, Gräfelfing, Germany). Cells were seeded into culture inserts in a 6-well plate and were incubated to allow them to adhere. The culture insert provided two cell-culture reservoirs that were separated by approximately a 0.5-mm-thick wall. The culture insert was removed after the cells were cultured to full confluence, and a "wound" of approximately 0.5 mm was formed between the two cell patches. Wound closure was observed after 24 h and was photographed under a microscope. The fraction of cell coverage across the line represents the migration rate.

Xenograft Assay {#sec4.9}
---------------

The animal experiments were approved by Fuzhou Medical Experimental Animal Care Commission. All mice were housed and maintained under pathogen-free conditions in accordance with the institutional guidelines of the Experimental Animal Center of Fuzhou General Hospital. Six- to eight-week-old female non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice were used for this experiment. First, 1 × 10^6^ SK-Hep-1 and SMMC-7721 cells stably transduced with miRZip-497 (anti-miR-497) or miRZip control vector were injected through the tail vein of each mouse. Then, the injected mice were sacrificed at week 6 post-inoculation, and the tumor incidence was assessed by detecting the fluorescence of GFP using the Molecular Imager ChemiDoc XRS System (Bio-Rad, Hercules, CA, USA).

For TNF-α treatment assay, the SK-Hep-1 cells (anti-miR497 or miRZip control) were pre-treated with 200 ng/mL TNF-α for 48 h and then injected through the tail vein of each mouse (1 × 10^6^ cells); then the mice were treated twice per week with intraperitoneal injections of PBS or TNF-α (0.5 mg/kg) for 3 weeks. Afterward, the mice were sacrificed, and tumor incidences were detected at week 4.

Histology and Staining {#sec4.10}
----------------------

Lung and liver tissues were collected and fixed for 24 h in formalin and then paraffin embedded and sectioned into slices. Tissue sections were stained with H&E or were immune-stained using the following corresponding antibodies: Sall4 (Abnova, H00057167-M03, 1:800), Nanog (Cell Signaling Technology, \#4903, 1:800), N-cadherin (Cell Signaling Technology, \#13116, 1:200), E-cadherin (Cell Signaling Technology, \#3195, 1:200), and OCT4 (Abcam, ab18976, 1:100).

EMSA {#sec4.11}
----

EMSA was performed by using the LightShift Chemiluminescent EMSA Kit (Thermo Fisher Scientific) according to the manual's description. Nuclear extracts were isolated as described previously.[@bib40] The probes were synthesized and double labeled with biotin. The sequences of the probes were as follows: probe 1, 5′-ACCCCACCCTAGGGATCCCCTGAGCTGAGTT-3′ and 5′- AACTCAGCTCAGGGGATCCCTAGGGTGGGGT-3′; probe 2, 5′- AGGTGGTGCTGGGGTCTTCCCAGCACTGC-3′ and 5′-GCAGTGCTGGGAAGACCCCAGCACCACCT-3′.

Statistical Analysis {#sec4.12}
--------------------

Statistical analysis was performed using SPSS v19.0. Statistical analyses of normally distributed variables were performed using the Student's t test, and analyses of data with skewed distributions were performed using the Mann-Whitney U test. The results are expressed as the mean ± SEM. Pearson's correlation analysis was conducted to assess the correlation statistics between two variables. For the clinical-pathological analysis, the chi-square test was performed. Survival curves were constructed using the Kaplan-Meier method and evaluated using the log-rank test. The Cox proportional hazard regression model was used to identify factors that were independently associated with OS. p \< 0.05 was considered as statistically significant.
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